Abstract. The dependency of the N200 amplitude of the motion-onset VEP evoked by a parafoveal grating of variable speed (0.25 -13.5 deg/s, corresponding to 0.5 -27 Hz) and constant contrast (4%) was studied. Additional measurements were made with parafoveally presented gratings of constant speed (2 deg/s, corresponding to 4 Hz) and a variable contrast (0.5 -64%) before and after adaptation to a stationary or drifting grating. In this latter experiment, simultaneous psychophysical measurements were made of the perceived speed. The amplitude of the N200 wave increased with increasing stimulus speed within the slow speed range up to 1.5 deg/s (corresponding to 3 Hz). Adaptation to a stationary grating had no significant effect on the relationship between the N200 amplitude and stimulus contrast. Contrary to this, adaptation to a slowly drifting grating (1 deg/s, corresponding to 2 Hz) or to a rapidly drifting grating (4 deg/s, corresponding to 8 Hz) reduced the N200 amplitude significantly. Adaptation to a stationary grating slightly reduced the perceived speed of subsequently viewed gratings. Adaptation to a slowly drifting grating increased the perceived speed of the subsequently viewed gratings, whereas adaptation to a rapidly drifting grating decreased the perceived speed. The findings can be best explained by a two-channel model of speed perception. While the motion VEP reflects the sum of both channel activities, the psychophysical measures point to the antagonistic encoding of low and high velocities.
Introduction
The N200 amplitude of motion VEPs under foveal binocular viewing increases when the speed of an otherwise constant grating is increased. An early study [1] showed a clear positive slope for speeds between 0.1 and 0.9 deg/s (0.3 and 2.3 Hz) and a shallower slope beyond 0.9 up to 3.1 deg/s (2.3 to 8 Hz). Such a relationship can be generated by motion-sensitive neurons in several ways.
Hypothesis 1.
There is a single population of neurons whose integral activation increases monotonically, but not necessarily linearly, from zero (corresponding to stationarity, or the lower threshold of perceived speed) up to a maximum (corresponding to the highest perceived speed). In other words, there is a unique relationship between the extent of integral activation of the motion-sensitive neuronal population and the perceived speed.
Hypothesis 2.
There are two temporal frequency channels, a 'slow' and a 'fast' channel, and the relative activity within these channels mediates our sense of stimulus speed. Accordingly, activity in the 'slow' channel neurons would correlate with the perception of low speeds and activity in the 'fast' channel neurons with the perception of high speeds. Assuming the anatomical locations of these channels are similar, the motion VEP would necessarily be ambiguous and reflect the activity of both channels. This argument holds even if human motion perception is based on more than two channels.
Prior exposure to a high-contrast drifting grating increases the contrast threshold for detecting a subsequently viewed grating [2] , increases the lower threshold for motion [3] , and alters the perceived speed of subsequently viewed gratings [3, 4] . Psychophysical experiments [5] [6] [7] [8] [9] applying adaptation and masking suggest the existence of at least two wide-band temporal frequency channels. Corresponding motion VEP recordings employing adaptation also indicate the existence of a second channel [10, 11] .
According to the two-channel view, increments in temporal frequencies in the medium range evoke an increase in the activation of 'fast' neurons, which is accompanied by a decrease in activation in the 'slow' neurons . This range is limited at the lower end by the maximal activity of the slow channel (for a stimulus temporal frequency of 1 -2 Hz) and at the upper end by the maximal activity of the fast channel (for a stimulus temporal frequency of [8] [9] [10] [11] [12] [13] [14] [15] [16] . This speed opponency between the 'slow' and 'fast' channels could explain the shallow slope of the N200 amplitude as a function of temporal frequency observed within this range [1] .
Further independent information about neural processes evoked by moving stimuli comes from recording of single cell activity. Studies of functional properties of macaque speed-dependent neurons in cortical areas V1 and V2 [12] , area V3 [13] , and area MT [14] revealed their lowpass and bandpass characteristics as a function of temporal frequency.
To better understand how temporal frequency and speed are encoded in the human cortex, we simultaneously measured motion-onset VEPs and perceived speed before and after adaptation to a drifting grating. Simultaneous measurement of motion-onset VEP and perceived speed of a stimulus, set into motion after a short stationary period, enables us to judge the goodness of cor-respondence between the two measures. We asked to what extent the motion VEP, recorded over the occipito-temporal cortex, can reflect psychophysically determined speed perception. If the two-channel hypothesis is valid, an N200 amplitude evoked by moderate temporal frequencies (between 2 and 8 Hz) should be reduced following adaptation to either a 2 Hz or an 8 Hz stimulus. The effect of adaptation at 2 Hz or 8 Hz should have opposite effects on the simultaneously measured perceived speed.
Methods

Subjects
Six emmetropic subjects (three males, three females) participated in the experiments, five of whom were naive and one experienced. Only the latter subject was informed about the aims of the study. The observers viewed the pattern binocularly at a distance of 85.5 cm. During the runs they were asked to fixate a small point presented in the center of the display.
Stimuli
Square-wave luminance gratings of vertical orientation were created by a VSG 2/2 graphics board (Cambridge Research Ltd., Rochester, England) and presented on a high resolution display (Joyce Electronics, Cambridge, England) with a green phosphor, a frame rate of 100 Hz, and an average mean luminance of 50 cd/m 2 .
Procedure
On each trial, three stimuli were successively presented: the adaptation stimulus for 5 s (at the beginning of a run for 30 s), the reference stimulus, and the test stimulus. An ISI of 1 s duration occurred prior to reference and test stimulus presentation. Both reference and test stimuli were presented for a total duration of 2 s. The stimulus presentation consisted of a 1 s period of stationary, followed by a 1 s period of drifting presentation of the grating. An additional 1 to 1.5 s response period followed (see Speed judgment). Thus, each trial had a duration of 12 to 12.5 s. An effect of adaptation on the appearence of the moving reference stimulus was expected under these temporal conditions [15, 16] . Adaptation and reference stimuli were presented eccentric of the fixation point (extending from 0.5 to 3 deg along the horizontal meridian) in one visual hemifield only. They had a height of 11 deg (5.5 deg above and below the horizontal meridian) and a spatial frequency of 2 cpd. The test stimulus subtended 4.2 deg in width and was presented in the opposite hemifield at an eccentricity between 3 to 7.2 deg. The test stimulus had the same height as reference and adaptation stimulus, a contrast level of 4%, and a spatial frequency of 1.2 cpd, adjusted in spatial frequency to compensate for the additional eccentricity according to the cortical magnification factor [17] . All stimuli drifted rightward within a stationary window.
The reference stimulus was presented in that hemifield where it evoked the larger motion VEP. This was the right visual hemifield in five observers, and the left visual hemifield in the other observer. Experiment 1. We repeated the temporal frequency experiment of Göpfert et al. [1] . Two sessions took place for each subject. Each session consisted of four runs and in each run four reference temporal frequencies were used (0. 
Experiment 2.
Two sessions were performed in each subject for each adaptation condition. Each session consisted of four runs and in each run four logarithmically equi-distant reference contrast levels were used (0.5, 2, 8, 32%, or 1, 4, 16, 64%). These different contrast levels were presented in randomly interleaved staircases. Each run consisted of 80 trials with 20 presentations of each reference contrast level. The reference stimulus drifted with a temporal frequency of 4 Hz. The adaptation contrast level remained constant at 4%. Three conditions of adaptation were conducted: no prior adaptation stimulus (pre-adaptation experiment), stationary adaptation, or unidirectional motion adaptation (temporal frequency of 2 or 8 Hz).
VEP recording
The EEG electrodes were situated left and right of O z , at locations corresponding to 5, 10, and 15% of the O z -Fp z head circumference away from the midline. Linked earlobe electrodes served as reference, an electrode at the right mastoid as ground. The potential differences were measured by amplifiers (Jaeger-Toennies, Höchberg) with a bandwidth between 1 to 70 Hz, recorded on an 8-channel-recorder (Sony, Tokyo), and off-line averaged after 200 Hz sampling. The EEG was filtered with a digital narrow-band 50 Hz notch filter to eliminate noise from the mains. The reference VEPs elicited by motion-onset were obtained by averaging 40 EEG responses from runs 1 and 2, and additional 40 responses from runs 3 and 4, separately. In addition, the EOG over one eye was recorded. The EOG electrodes were situated on nasal and lateral brow, thus forming a diagonal derivation with respect to the eye. Trials with eye movements, blinks, or other artifacts during reference stimulus presentation were excluded from averaging. EOG and EEG signals were amplified and averaged in the same way. We found no temporal coincidence between the EOG and VEP amplitudes for the data from all included trials.
The N200 amplitude of the motion VEP varied in its size from derivation to derivation. The site with the maximal amplitude varied over subjects. In some observers, the amplitude of the most lateral derivations (15% left and right of the midline, see above) exceeded the value of the 10% ipsilateral derivation, whereas in other observers the amplitudes of the latter derivations exceeded those of the electrodes at the 15% location. In order to balance the individual variations we averaged the values of the three derivations of each hemisphere. Thus, a representative N200 value of each hemisphere was obtained which is a mean of the individual derivations over each cortical hemisphere.
Speed judgment
During each trial, the observer judged whether the reference or the test stimulus moved faster and signaled this judgment by pressing the corresponding button on a response box. The initial speed of the test stimulus was distinctly faster (in terms of temporal frequency, twice as fast) or slower (stationary) than the reference speed. The temporal frequency of the test stimulus was varied in dependence on the previously given response according to the 'yesno' variant of the Best-PEST algorithm [18] , which has been shown to be appropriate for perceptual matching tasks [3] . The test stimulus speed was decreased after a judgment 'test stimulus faster' and increased after a judgment 'reference stimulus faster'. At the end of a run (after 20 decisions per reference stimulus) the perceived test stimulus speed corresponded to the perceived reference stimulus speed. (2) can be considered a relative measure of the perceived temporal frequency of the reference stimulus. The different eccentricities used for reference and test stimuli were chosen to minimize the effect of the adaptation and reference stimulus, presented in one visual hemifield, on the perception of the test stimulus, presented in the opposite hemifield. Such effects could occur via commissural connections or ipsilateral visual field representation in V5 [19] . Although the comparison of gratings of unequal spatial frequency could appear, at first glance, to be more difficult, Chen et al. [20] found no measurable deterioration of speed discrimination performance under similar conditions. Figure 1 presents the N200 amplitude of the motion-onset VEP as a function of temporal frequency (log scale). The results of the contralateral and ipsilateral hemisphere derivations are plotted separately. The results obtained for parafoveal vision show the same trend as the foveal data acquired in an earlier study [1] . Two separate regression lines were fitted to the lower and to the upper half of temporal frequency range (see Figure 1) . The best fitting bilinear functions for the contralateral hemisphere are:
Results
Experiment 1: Temporal frequency variation
a: N200 amplitude of the motion-onset VEP (µV), tf: temporal frequency (Hz).
Two trends are noticeable in the data: first, the N200 amplitude increases with a clear positive slope as a function of log temporal frequency up to 2.8 Hz; second, the N200 amplitude vs. temporal frequency function exhibits a shallow slope for temporal frequencies above 2.8 Hz. Above 2.8 Hz the slope is slightly positive for the ipsilateral data and negative for the contralateral data.
Experiment 2: Adaptation
The effect of different adaptation conditions on the N200 motion-onset VEP amplitude is plotted in Figure 2 as a function of contrast. The following results are evident in the grand means over the six subjects:
1. The N200 amplitude evoked by the 4 Hz reference stimulus is significantly reduced in both hemispheres after adaptation to gratings with a temporal frequency of 2 Hz and 8 Hz, respectively (Wilcoxon test, p < 0.01). 2. Adaptation to slow (2 Hz) and fast (8 Hz) motion yields similar effects on the N200 amplitude. Figure 1 ) with two averaged VEPs (n = 40) each (vertical bars: standard errors). The adaptation stimulus was either stationary (0 Hz adapt) or it moved in the reference direction (rightward) at a temporal frequency of 2 Hz or 8 Hz (see inset). In the no-adapt condition, the time scheme remained unchanged but no adaptation stimulus was presented (blank screen). 3. Adaptation to a stationary stimulus has no significant effect on the N200 amplitude. Figure 3 shows the perceived temporal frequency values of the reference stimulus, plotted as a function of contrast, which were recorded simultaneously with the motion-onset VEPs (cf., Figure 2 ). The perceived temporal frequency of a reference stimulus is defined as a ratio of the test temporal frequency (i.e., the Best-PEST defined match speed) and the reference temporal frequency (cf., Methods, Equation [2] ). A value of 1 would then mean that a test stimulus of 4 Hz has the same perceived speed as the reference stimulus of 4 Hz (i.e., veridical match). The ascending curves in Figure 3 reflect the increasing test temporal frequency required to match the perceived speed of the reference stimulus. Thus, the curves reflect increasing perceived temporal frequency (and increasing perceived speed) of the reference stimu-lus as a function of contrast (log scale), despite its constant physical temporal frequency of 4 Hz.
The main results are as follows: 1. The perceived speed of a 4 Hz reference stimulus is significantly reduced by a preceding isodirectional 8 Hz adapting stimulus with a contrast of 4% (Wilcoxon, p < 0.01). 2. The perceived speed of a 4 Hz reference stimulus is significantly increased by a preceding isodirectional 2 Hz adapting stimulus with a contrast of 4% (Wilcoxon, p < 0.05). 3. The perceived speed of a 4 Hz reference stimulus is significantly reduced by a preceding stationary adapting stimulus with a contrast of 4% (Wilcoxon, p < 0.05).
Discussion
The result of Experiment 1 (temporal frequency variation in parafoveal vision, Figure 1 ) confirms the data found in foveal vision in an earlier study [1] .
The empirical values of the N200 motion-VEP amplitude suggest that the function can be well described by two linear segments, consisting of a range with significant positive slope for low temporal frequencies (0.5 to 2.8 Hz, corresponding to 0.25 and 1.4 deg/s; cf., Equation [3] ), and a range with little or no slope for higher temporal frequencies (above 2.8 Hz; cf., Equation [4] ). The observation over the ipsilateral hemisphere is in line with predictions from both the single-channel and two-channel model. The results over the contralateral hemisphere for temporal frequencies above 2.8 Hz could only be explained by the two-channel hypothesis (if the negative slope would prove to be significant). Further experiments are thus required to obtain data that could support the one or the other model. Can the results of the adaptation experiment be explained by the one-or the two-channel hypothesis? The N200 amplitude of a 4 Hz reference stimulus (speed of 2 deg/s) is not significantly affected by adaptation to a stationary grating (Figure 2 ). This observation is in agreement with a study of Dorn et al. [16] . They found a considerable adaptation effect on the N200 amplitude of the motion-onset VEP by repeated presentation of a random dot pattern, which was stationary for 1 s and then moved for 2.333 s. The presentation mode is unable to provide information, whether or not the stationary pattern contributes to the adaptation of the N200 motion-VEP amplitude. In that study, the adaptation period (23 s duration) was followed by a recovery period (23 s duration), in which the pattern was presented repeatedly, but first stationary for 3.1 s and then moving for 0.233 s. A significant contribution from the stationary pattern to the adaptation of the N200 motion-VEP amplitude can be excluded in this second presentation mode since a complete recovery would have occurred after 23 s.
Under the condition of stationary grating adaptation in our Experiment 2, the stimulus was shown as stationary only for 50% of the trial duration. A significant stationary grating effect on the N200 motion-VEP amplitude would not be expected, since a presentation of the stimulus as stationary in even 93% of the trial period, as used in [16] , had no noticeable effect. In addition, we can conclude, that the 1 s presentation of the reference stimulus as stationary in our pre-adaptation condition (corresponding to 8.3% of the trial duration) has no appreciable effect on the N200 motion-VEP amplitude.
The absence of a significant adaptation effect by the stationary grating on the N200 amplitude confirms that our mode of motion stimulation (sudden motion-onset of a previously stationary reference grating) primarily affects the activity of motion-sensitive neurons. Accordingly, the activity of contrastdependent neurons would remain constant and thus would not contribute to the motion-onset VEP.
As can be seen in Figure 2 , adaptation to 2 and 8 Hz (speed of 1 and 4 deg/s) has an equivalent effect on the amplitudes of the N200 wave. This result is surprising from the view of the one-channel model of temporal frequency coding. An 8 Hz stimulus should have a greater intensity than a 2 Hz stimulus and should evoke a greater integral activity of the speed-dependent neurons. This argument is partly supported by the results of Experiment 1 (cf., Figure 1 ), which show an increase of the N200 amplitude between a temporal frequency of 2 and 8 Hz. The 8 Hz adaptation stimulus should therefore evoke a greater reduction in the N200 amplitude elicited by the 4 Hz reference stimulus, which is clearly not the case.
The result can, however, be explained by the two-channel hypothesis. A pre-adaptation 4 Hz reference stimulus would elicit a motion-onset VEP generated by activity in both the 'slow' and 'fast' channel neurons. The 2 Hz adaptation stimulus lowers the integral activity in the 'slow' channel neurons by an amount comparable to that caused by the 8 Hz adaptation stimulus in the activity of the 'fast' channel neurons. Assuming that this is the case, the post-adaptation response to the 4 Hz reference stimulus will be reduced to a similar extent by both 2 Hz and 8 Hz adaptation. In other words, the sum of both channel activities does not noticeably differ after 2 Hz or 8 Hz adaptation but the distribution of activity over the channels is different.
If the two-channel interpretation is viable the different activity distributions over the channels should be accompanied by different perceived temporal frequencies. The dominant 'fast' channel activity after 2 Hz adaptation should enhance the perceived temporal frequency over the pre-adaptation value, whereas the dominant 'slow' channel activity after 8 Hz adaptation should reduce the perceived temporal frequency below the pre-adaptation value. The predicted result is in agreement with the experimental data of Figure 3 . If the one-channel interpretation were valid the perceived temporal frequency after 2 Hz adaptation would reduce below the pre-adaptation value which is not the case. Thus, both electrophysiological and psychophysical results are in clear conflict with a one-channel hypothesis.
Single cell studies of speed dependent neurons in the macaque visual cortex support the two-channel hypothesis of speed encoding. Foster et al. [12] recorded optimal temporal frequencies of neurons in area V1 and V2 for parafoveal viewing. The distribution of either cell population across temporal frequencies exhibits a double-peaked function, with a 'slow' peak at 1 Hz (V1) and 2 Hz (V2), respectively, and a 'fast' peak at 4 Hz. A similar distribution, but with peaks shifted to higher temporal frequencies (5 and 16 Hz), was found in area V3 by Gegenfurtner et al. [13] . The classification of MT cells, performed with the help of their speed-dependent response characteristics, also suggests the existence of two or three speed channels [14] . Figure 2 shows a similar N200 amplitude decrease after 2 Hz and 8 Hz adaptation, respectively. The curves of Figure 3 indicate that the percentage of perceived temporal frequency increase after 2 Hz adaptation is significantly lower than the percentage of perceived temporal frequency decrease after 8 Hz adaptation (Wilcoxon test, p < 0.01). The curves could be accounted for by a model of temporal frequency perception that implies different coefficients for 'slow' channel and 'fast' channel activities. To fit the empirical data the weight assigned to the 'fast' channel activity would have to be larger than that assigned to the 'slow' channel activity. This is in line with the coefficients found by Smith & Edgar [8] in their perceived temporal frequency model applied to parafoveal viewing. This also corresponds with a weighted-average scheme for determining perceived temporal frequency, as proposed by Yo & Wilson [21] for peripheral viewing.
The pre-adaptation curve of Figure 2 shows a clear positive slope only for contrast values between 0.5 and 1%. Above that range the N200 motion VEP amplitude can be considered as 'saturated'. This agrees with results of Kubova et al. [22] and Bach & Ullrich [23] who found a clear reduction of the N200 amplitude for contrast values below 1.3 and 1.5%, respectively. The finding also agrees with fMRI results [24] .
The pre-adaptation curve of the perceived temporal frequency ( Figure 3 ) shows a shallow positive slope as a function of contrast. This is in agreement with findings of earlier papers that perceived speed increases with increasing contrast [3, 25, 26] . This dependency can also be observed after adaptation to stationary or moving gratings (see Figure 3) . The corresponding tendency of the N200 motion-VEP amplitude as a function of contrast can be seen in Fig-ure 2. The curves, at first glance appear constant for contrast values between 1% to 64%, do have a shallow positive slope in dependence on contrast.
The perceived temporal frequency values after adaptation to a stationary pattern (dotted curve in Figure 3) show a small, but significant, decrease in comparison to the values of the no-adapt condition. The effect can be explained by the contrast dependency of perceived speed. The adaptation to a stationary stimulus reduces the perceived contrast of a subsequently presented reference stimulus which again causes a decrease of perceived speed (see also [3] ). Since it is a minor effect, a corresponding significant N200 amplitude reduction does not occur.
In summary, the present results based on simultaneous recordings of motion VEP and perceived speed can be parsimoniously explained by the twochannel hypothesis of speed encoding in the human visual system.
